tumor suppressor ͉ phospholipid phosphatase ͉ cell adhesion ͉ serum T he PTEN͞MMAC͞TEP1 tumor suppressor gene located on chromosome 10q23 (1-3) is mutated at high frequency in a wide variety of human cancers, including glioblastoma, melanoma, and carcinomas of the prostate, breast, endometrium, lung, and head and neck (1, 2, 4, 5-11). Germ-line mutations in the PTEN gene are associated with the development of Cowden's disease and Bannayan-Zonana syndrome (12-15). In addition, the phenotype of PTEN-null mice supports the conclusion that PTEN functions as a tumor suppressor gene (16, 17) . The homozygous disruption of PTEN results in early embryonic lethality, and heterozygous mice display hyperplastic changes in the prostate, skin, and colon similar to those seen in Cowden's disease. The PTEN gene product shares sequence identity with the protein tyrosine phosphatase family and chicken tensin (18). Recombinant PTEN is capable of dephosphorylating both phosphotyrosine and phosphothreonine, but it also can dephosphorylate phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P 3 ], the product of phosphatidylinositol 3-kinase (PI3-kinase) (19, 20) . Because many of the cancer-related mutations have been mapped to the phosphatase catalytic domain, it has been suggested that the phosphatase activity of PTEN is required for its tumor suppressor function. Overexpression of PTEN can suppress growth in soft agar and tumor formation in nude mice (21, 22) and also inhibit focal adhesion kinase (FAK), leading to inhibition of cell adhesion and migration (23). However, targeted disruption of PTEN and PTEN mutations in glioblastoma and prostate carcinoma cells result in the serum-and anchorage-independent activation of protein kinase B (PKB)͞Akt probably because of increased levels of PI(3,4,5)P 3 (16, (24) (25) (26) . PKB͞Akt suppresses apoptosis via several possible downstream effectors, including phosphorylation and inactivation of BAD (27-29), inactivation of caspase-9 (30), and repression of the forkhead transcription factor (31). Consistent with this, the disruption of PTEN leads to the suppression of apoptosis (16) but also to accelerated cell cycle progression (25, 26) . Reconstitution with wild-type (WT) PTEN restores apoptotic sensitivity and induces cell cycle arrest (16, 26) . These new insights into the tumor-suppressive effects of PTEN recently have been reviewed by Cantley and Neel (32).
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The activation of PKB͞Akt is regulated in a complex manner via phosphorylation of PKB͞Akt on Thr-308 and Ser-473 (33) . Although PDK-1 has been shown to phosphorylate Thr-308, it is not clear whether there is a distinct kinase that exclusively phosphorylates Ser-473. It recently has been proposed that PDK-1 acquires Ser-473 phosphorylation activity in the presence of PRK2 peptide (34) . However, as yet, there is no evidence that PDK-1 is the only kinase capable of doing this, and the physiological relevance of the conversion of PDK-1 activity toward Ser-473 phosphorylation by the PRK2 peptide has yet to be demonstrated. On the other hand, the integrin-linked kinase (ILK) (35) has been shown to phosphorylate PKB͞Akt on Ser-473 in vitro (36) . The activity of ILK is sensitive to levels of PI(3,4,5)P 3 (36) , and, therefore, inactivation of a PI(3,4,5)P 3 phosphatase, such as PTEN, would be expected to constitutively activate ILK leading to PKB͞Akt activation.
ILK is a serine and threonine protein kinase containing four ankyrin-like repeats (35) and a putative phosphoinositide phospholipid-binding motif (36) . ILK can interact with the cytoplasmic domains of integrin ␤ 1 -and ␤ 3 -subunits (35) via its carboxyl terminus, which is required for the localization of ILK in focal adhesion plaques (37) . The N-terminal ankyrin repeats recently have been shown to interact with an LIM (cysteine-rich motif first identified in caenorhabditis elegans Lin-11, ISL-1, and mec-3) domain-only protein called PINCH (38) . Nck-2, an Src homology (SH) 2 and SH3 domain-containing adapter protein, also interacts with PINCH and is thought to bridge ILK to growth factor receptors (39) . In addition, the N-terminal ankyrin repeat also regulates localization of ILK in focal adhesion plaques (37) . The activity of ILK is regulated in a PI3-kinase-dependent manner, and ILK can phosphorylate PKB͞Akt on Ser-473 in vitro (36) . Overexpression of ILK stimulates PKB͞Akt-Ser-473 phosphorylation whereas a kinase-deficient form of ILK inhibits this phosphorylation in a dominant-negative manner (36) . Overexpression of ILK in some epithelial cells (such as Scp2 mammary epithelial cells and IEC-18 intestinal epithelial cells) results in anchorage-independent cell growth (35) , cell cycle progression (40) , and tumorigenicity in nude mice (41) . Furthermore, ILK down-regulates the expression of E-cadherin and promotes the nuclear translocation and activation of ␤-catenin (41, 42) . In addition to regulating the activity of PKB͞Akt, ILK also inhibits the activity of glycogen synthase kinase-3 (GSK-3). Whether this inhibition depends on PKB͞Akt remains to be determined, although ILK can phosphorylate GSK-3 in vitro (36) . Here we demonstrate that ILK and PKB͞Akt are constitutively activated in human prostate carcinoma cells lacking PTEN expression. Furthermore, transfection of kinase-deficient, dominant-negative ILK into these cells dramatically inhibits both serum-and anchorage-independent PKB͞Akt-Ser-473 phosphorylation, as well as PKB͞Akt kinase activity, and leads to G 1 cell cycle arrest and enhanced apoptosis. Inhibition of ILK activity by a small-molecule ILK inhibitor also inhibits serum-independent PKB͞Akt-Ser-473 phosphorylation. These data demonstrate that ILK is critical for the PTEN-sensitive regulation of PKB͞Akt-dependent cell cycle progression and cell survival.
Materials and Methods
Cell Culture and Transfections. Three human prostate cancer cell lines were used throughout this study: PC3, LNCaP, and DU145. PC3 and DU145 cells were cultured in DMEM containing 10% FCS. LNCaP cells were cultured in RPMI medium 1640 supplemented with 10% FCS. All cells were passaged in 5% CO 2 at 37°C. The cells were transiently transfected with His-V 5 -tagged ILK WT (ILK-WT) cDNA, His-V 5 -tagged ILK kinase-deficient (KD) cDNA, or green f luorescent protein (GFP)-tagged PTEN-WT cDNA by using Lipofectin reagent (GIBCO͞BRL) according to the manufacturer's guidelines and using 1-4 g (optimally 3 g) of cDNA plasmid and 4 l of Lipofectin reagent. Control cells also were treated overnight with 4 l of Lipofectin reagent in serum-free medium in the absence or presence of empty vector. The ILK cDNAs were in pcDNA3 vector whereas the PTEN cDNA was in p-EGFP vector. Transfections were carried out overnight and the cells were harvested 24-48 h later. Transfected cells were analyzed for cell viability by using the trypan blue exclusion viability assay.
ILK Kinase Assays. ILK kinase activity was determined in cell extracts by immunoprecipitation in vitro kinase assays as described (35, 36) . Myelin basic protein (MBP) and glutathione S-transferase (GST)-PKB͞Akt were used as a substrate for ILK in separate experiments, and phosphorylated proteins were electrophoresed on 12% SDS͞PAGE gels. When MBP was used as a substrate, [ 32 P]ATP was used as the phosphate donor in the kinase assay and [ 32 P]MBP was detected by autoradiography or phosphorimage analysis of the gels. When GST-PKB͞Akt was used as a substrate, ATP was used as the phosphate donor in the kinase assay, the proteins were electrotransferred from the SDS͞PAGE gels to Immobilon poly-(vinylidene difluoride) membranes (Millipore), and phosphorylated GST-PKB͞Akt was detected by Western blot by using anti-PKB͞Akt-phospho-Ser-473 antibody.
PKB͞Akt Kinase Assay. For PKB͞Akt kinase assay, cells were lysed in 20 mM Tris (pH 7.5) containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 g͞ml leupeptin, and 1 mM PMSF. Equivalent amounts of protein (determined by Bradford assay) were immunoprecipitated with anti-PKB͞Akt antibody prebound to protein A-Sepharose beads, and kinase assay was carried out according to the instruction manual of the Akt Kinase Assay Kit (New England Biolabs). GSK-3 fusion protein was used as a substrate for PKB͞Akt. Phosphorylated proteins were electrophoresed on 12% SDS͞PAGE gels and electrotransferred onto Immobilon poly(vinylidene difluoride) membrane (Millipore) to detect phosphorylated GSK-3 by Western blot using phospho-GSK-3␣͞␤ (Ser 21͞9) antibody.
Western Blot. Western blot analyses using the enhanced chemiluminescence (ECL) detection system (Amersham Pharmacia) were carried out as described (35, 36) . The following antibodies were used in this study: anti-PTEN (mouse monoclonal; Oncogene Science); anti-ILK (affinity-purified rabbit polyclonal; Upstate Biotechnology, Lake Placid, NY); anti-P-PKB͞Akt-Ser-473 (rabbit polyclonal; New England Biolabs); anti-P-PKB͞Akt-Thr-308 (rabbit polyclonal; New England Biolabs); anti-PKB͞Akt (rabbit polyclonal; New England Biolabs); anti-P-GSK-3-Ser-21͞9 (rabbit polyclonal; New England Biolabs); anti-V5 (mouse monoclonal; Invitrogen); and anti-GFP (mouse monoclonal; Boehringer Mannheim).
Cell Cycle Inhibition by PTEN and ILK KD. PC3 cells were transfected as above with empty His-V 5 -tagged vector or vector containing cDNAs encoding PTEN or ILK KD, grown in 10% FBS for 48 h, serum-starved for 18 h, and either refed serum or starved for 3 h. Cells (10 5 ) then were harvested, rinsed in cold PBS, and fixed in 4% paraformaldehyde in PBS for 30 min. Samples then were rinsed with PBS and stained with 50 g͞ml propidium iodide (Sigma) in PBS with 10 g͞ml RNase and 1% Triton X-100 for 30 min. Samples were analyzed by using a Coulter EXPO XL-4 flow cytometer. The data shown are representative of four independent experiments.
Induction of Apoptosis by PTEN and ILK KD. PC3 cells were transfected as above with empty His-V 5 -tagged vector or vectors containing cDNAs encoding PTEN or ILK KD, maintained in 10% FBS, and serum-starved for 48 h for harvest at 72 h posttransfection. Cells (10 5 ) were stained with ApoAlert annexin V-FITC (CLONTECH) according to the manufacturer's instructions and stained with 50 g͞ml propidium iodide in PBS for 15 min. Samples were analyzed by flow cytometry, with the propidium iodidenegative population analyzed for FITC staining.
Results

ILK Activity and PKB͞Akt-Ser-473 Phosphorylation in PTEN-Mutant
Human Prostate Carcinoma Cells. It has been shown recently that mutational inactivation of the tumor suppressor PTEN leads to elevated levels of the PI3-kinase product PI(3,4,5)P 3 and increased phosphorylation of PKB͞Akt on both Thr-308 and Ser-473 (16, 24) . We have demonstrated that ILK is a PI(3,4,5)P 3 -dependent kinase that can phosphorylate PKB͞Akt on Ser-473. We therefore wanted to examine whether inactivation of PTEN also would lead to the constitutive activation of ILK and decided to focus on human prostate cancer cells. PTEN is mutated in about 50% of prostate cancers (7), and of the three human prostate cancer cell lines available, two, PC-3 and LNCaP, are PTEN-negative, and one, DU-145, is PTEN-positive (Fig. 1A) . As has been shown previously by others (26), PKB͞Akt-Ser-473 phosphorylation levels are high in PC-3 and LNCaP cells in the absence or presence of serum ( Fig.  1 B and C) , whereas PKB͞Akt-Ser-473 is undetectable in the absence of serum and is induced by serum in the PTEN-positive DU-145 cells (Fig. 1D) . Consistent with a role of ILK as an upstream regulator of PKB͞Akt-Ser-473 phosphorylation, ILK activity is also high in the absence or presence of serum in the PTEN-negative PC-3 and LNCaP cells (Fig. 1 B and C) , whereas it is inducible by serum in DU145 cells coordinately with PKB͞Akt phosphorylation (Fig. 1D) . The detection of a phosphorylated MBP band at 0, 5, and 10 min postserum stimulation, when there is no PKB͞Akt-Ser-473 phosphorylation, is a result of nonspecific labeling, as shown by the level of MBP 32 P-labeling in IgG control immunoprecipitations. A similar induction of ILK activity by serum in DU145 cells was observed when the GST fusion protein GSTPKB͞Akt was used as the substrate in the in vitro ILK kinase assay (Fig. 1D) .
To demonstrate a causal relationship between the loss of PTEN and stimulation of PKB͞Akt phosphorylation and ILK activity, we transiently transfected WT PTEN into the PTEN-negative PC-3 cells and measured PKB͞Akt-Ser-473 phosphorylation (Fig. 1E ) and ILK activity (Fig. 1F) . As shown in Fig. 1E , PTEN suppresses PKB͞Akt-Ser-473 phosphorylation in a dose-dependent manner, and transfection of PC3 cells with an optimal dose of PTEN plasmid (3 g) also results in the suppression of ILK activity (Fig. 1F) , demonstrating that ILK activity can be regulated by PTEN. 
To inhibit endogenous ILK, we transfected cells with a kinase-deficient mutant of ILK (3 g of cDNA) that behaves as a dominant negative (36) . As shown in Fig. 2 A and B , PKB͞Akt-Ser-473 phosphorylation is high in PC-3 and LNCaP PTEN-negative cell lines in the absence or presence of serum. Transfection of WT ILK does not further enhance this phosphorylation in these cells. However, transfection of the dominant-negative form of ILK (ILK-KD) results in substantial inhibition of PKB͞Akt phosphorylation on Ser-473 but not on Thr-308 (Fig. 2 A) . As expected, transfection of WT PTEN (3 g) into these cells results in the inhibition of phosphorylation on both sites. In contrast, transfection of WT ILK into the PTEN-positive DU-145 cells enhances Ser-473 phosphorylation in the absence of serum (Fig. 2C) . Transfection of dominantnegative ILK or WT PTEN had little effect on the phosphorylation status of PKB͞Akt in these cells. In all three cell lines, PKB͞Akt expression levels were unchanged, and all cells expressed the appropriate transgenes as detected by the V5 tag for ILK cDNAs and the GFP tag for the PTEN cDNA (Fig. 2 A-C ). These data demonstrate further that PTEN is upstream of ILK and that inhibition of ILK only affects phosphorylation of Ser-473, but not Thr-308.
Two highly selective inhibitors of ILK activity recently have been identified by us in collaboration with Kinetek Pharmaceuticals, Vancouver, Canada. As shown in Fig. 2D , incubation of one of these inhibitors, KP-SD-1, with serum-starved PC3 cells resulted in a dose-dependent inhibition of PKB͞Akt-Ser-473 phosphorylation. This inhibitor does not have any effect on PKB͞Akt kinase activity in vitro (data not shown), and, as shown in Fig. 2D , it does not result in the inhibition of PKB͞Akt phosphorylation on Thr-308. Full characterization of these inhibitors will be provided elsewhere (J.S., D. Leung, A. Ali, M. Howell, G. Hannigan, J. Woodgett, and S.D., unpublished data). These data support the data on the inhibitory effects of dominant-negative ILK on PKB͞Akt-Ser-473 phosphorylation shown in Fig. 2 A and B and show that the inhibitor does not inhibit PDK-1 activity.
Although the inhibition of ILK results in the inhibition of PKB͞Akt-Ser-473 phosphorylation (Fig. 2 A, B, and D) , we wanted to determine whether this inhibition translated into inhibition of PKB͞Akt activity. As shown in Fig. 2E , transfection of kinasedead, dominant-negative ILK as well as PTEN into PTEN-null PC3 cells does result in the inhibition of PKB͞Akt activity.
It is unlikely that the effects of the dominant-negative ILK and WT PTEN on PKB͞Akt phosphorylation and ILK kinase activity are caused by effects on cell viability because before serum starvation, i.e., 48 h posttransfection, the viability of the various transfected cells was not significantly different (data not shown).
Cell adhesion to extracellular matrices (ECM) stimulates both ILK activity and PKB͞Akt-Ser-473 phosphorylation (36, 43, 44) . We therefore wanted to determine PKB͞Akt-Ser-473 phosphorylation status in PTEN-negative cells that were either anchored or kept in suspension. PC-3 cells were either allowed to adhere to fibronectin or were prevented from adhering by plating on poly-HEMA-coated plates. As shown in Fig. 3 , PKB͞Akt-Ser-473 phosphorylation is constitutively elevated and is anchorageindependent in the PTEN-negative cells. Transfection of dominant-negative ILK suppressed this phosphorylation in suspended cells, as did transfection of WT PTEN. These data demonstrate that the stimulation of PKB͞Akt-Ser-473 phosphorylation by cell-ECM interactions depends on ILK and becomes independent of anchorage in PTEN-negative cells.
Collectively, the data presented in Figs. 2 and 3 show that ILK and PTEN are crucial regulators of PKB͞Akt activation by serum as well as extracellular matrices and that the constitutive activation of PKB͞Akt in PTEN-mutant cells can be reverted to serum and anchorage dependence by either inhibiting ILK or replacing PTEN. 
Inhibition of ILK Induces G1 Phase Cell Cycle Arrest and Stimulates
Apoptosis in PTEN-Negative Prostate Cancer Cells. It has been shown previously by others that transfection of WT PTEN into PTENmutant cells induces cell cycle arrest as well as apoptosis (25) . We therefore wanted to determine whether inhibition of endogenous ILK activity by dominant-negative ILK also would lead to cell cycle arrest and apoptosis. As shown in Fig. 4A , PTEN-transfected PC-3 cells arrest in the G 1 phase of the cell cycle compared with control empty vector-transfected PC-3 cells, which continue to cycle in the absence or presence of serum. However, PC-3 cells transfected with the dominant-negative ILK cDNA also arrest in G 1 (Fig. 4A) . We also noticed a sub-G 1 peak in both PTEN and dominant-negative ILK-transfected cells, an indication of the accumulation of apoptotic cells, and wanted to determine whether these cells were indeed undergoing apoptosis. As shown in Fig. 4B , compared with control transfected cells, both PTEN and dominant-negative ILKtransfected cells undergo enhanced apoptosis after 48 h of serum starvation (45) . As shown in Fig. 4C , transfection and expression of dominant-negative ILK or WT PTEN did not significantly affect cell adhesion.
Our data demonstrate that, as with restoration of PTEN, inhibition of ILK in these cells also induces cell cycle arrest and apoptosis, implying that inhibition of ILK may provide for a novel means of inhibiting the growth and progression of PTEN-mutant tumors.
Discussion
Epithelial cell survival and cell growth are tightly regulated processes that ensure proper tissue homeostasis. Dysregulation of such processes leads to oncogenic transformation and other hyperproliferative disorders. Cell survival and growth are regulated by soluble factors, as well as by components of the extracellular matrix, which interact with their respective receptors and activate signaling cascades, leading to stimulation of cell cycle progression or inhibition of apoptosis. Temporal and spatial inhibition of these signaling cascades is an essential part of the regulation of these processes, and it can be envisaged that loss of such negative regulation would result in increased cell survival and hyperproliferation. The PTEN lipid and protein phosphatase is such a negative regulator of these signaling pathways, and it is now estimated that inactivating mutations of PTEN exist in 60% of all forms of solid tumors.
In this paper we have focused on ILK, which has been shown to phosphorylate PKB͞Akt on Ser-473 in vitro (36) . Consistent with this property, we have demonstrated that the activity of ILK is serum-and anchorage-independent in PTEN-null prostate carcinoma cells, but is serum-and anchorage-dependent in cells expressing WT PTEN. Furthermore, ILK activity is regulated by PTEN, because re-expression of PTEN by transfection of WT PTEN cDNA in PTEN-null cells inhibits ILK activity. A prediction of our hypothesis is that ILK is intermediate between PTEN and PKB͞Akt such that the inhibition of ILK activity in PTEN-null cells would result in the suppression of PKB͞Akt-Ser-473 phosphorylation. The activation of ILK in PTEN-null cells presumably is caused by increased PI(3,4,5)P 3 levels in these cells, although it is possible that ILK may be activated because of dysregulation of other PTEN targets, such as FAK (46) . We have demonstrated here that inhibition of ILK, by either transfection and expression of a dominant-negative form of ILK or by exposure of cells to a small molecule ILK inhibitor, results in a profound inhibition of PKB͞Akt-Ser-473, but not of Thr-308 phosphorylation. This inhibition is especially pronounced in cells deprived of serum or adhesion and is accompanied by inhibition of PKB͞Akt kinase activity. It has been demonstrated recently that apart from regulating cell survival and apoptosis, PTEN also regulates cell cycle progression that is accelerated in PTEN-null cells (25, 26) . Here, we have shown that WT PTEN as well as dominant-negative ILK induces potent G 1 phase cell cycle arrest. In addition, consistent with the inhibition of Ser-473 phosphorylation and kinase activity of PKB͞Akt, there is a significant increase in apoptosis of cells transfected with WT PTEN or dominant-negative ILK. These data suggest that dysregulation of ILK activity in the PTEN-null cells plays an important role in the suppression of apoptosis and cell cycle progression in these cells.
At the present time it is not clear whether PKB͞Akt is the downstream mediator of the regulation of cell cycle by ILK and PTEN. Preliminary data indicate that suppression of PKB activity in PTEN-null cells by transfection with a powerful dominantnegative PKB͞Akt (PKB-AAA) does not induce G 1 ͞S cell cycle arrest to the same extent as seen when ILK is inhibited. It is therefore conceivable that ILK may regulate the cell cycle via PKB͞Akt-independent pathways involving GSK-3, ␤-catenin, or AP-1 transcription factor (36, 42, 47) .
The findings presented in this paper form the basis of a paradigm that the inactivation of a tumor suppressor results in the dysregulated activation of immediate downstream effectors. The inhibition of such downstream effectors thus may allow for powerful and alternative means of treating tumors harboring mutations in tumor suppressor genes. Here, we have demonstrated that the inhibition of ILK in PTEN-mutant prostate cancer cells induces cell cycle arrest and apoptosis. It is particularly interesting that the effects of inhibiting ILK or PKB͞Akt-Ser-473 phosphorylation are much more pronounced under anchorage-and serum-independent conditions. This finding suggests that there is a specificity to the effects of inhibiting ILK activity relating to the properties of malignant transformation, namely, anchorage-and serum-independent growth. These properties are particularly relevant during various stages of metastasis, and, therefore, ILK may be a promising target for the treatment of tumors in which PTEN is dysregulated.
We thank Dr. Frank Jirik for providing the PTEN cDNA. S.P. is a Research Fellow of the National Cancer Institute of Canada supported with funds provided by the Terry Fox Run. This work was carried out with financial support from a National Cancer Institute of Canadafunded program project on Prostate Cancer Progression. 5 . Schematic representation of the regulation of signal transduction from integrins and growth factor receptors via ILK to downstream kinases regulating cell survival and cell cycle. ILK activity is regulated in a PI3-kinase-dependent manner, and activated ILK phosphorylates PKB͞Akt on Ser-473, resulting in its activation and the eventual control of cell proliferation and survival by suppressing apoptosis. ILK also regulates the expression of cyclins, leading to G 1 cell cycle progression (40) . PTEN encodes a lipid phosphatase with specificity toward PI(3,4,5)P 3 and, thus, serves as a critical negative regulator of PI3-kinase-mediated signaling from external stimuli (growth factors, cell adhesion) to cell proliferation and survival largely through its inactivation of ILK and PKB͞Akt. Mutational inactivation, or loss, of PTEN thus results in serum-and anchorage-independent activation of ILK and PKB͞Akt, leading to constitutive cell survival and cell growth.
